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The influence of laser frequency on the structure and physical properties of thin films grown by
pulsed laser deposition has been studied. Different types of thin films, hard ferromagnetic FePt L10
and quasi-single crystal superconducting YBa2 Cu3 O7 (YBCO), have been used for demonstration
of the effect. Significant structural modifications have been obtained for the films with similar
thicknesses. These modifications are shown to dramatically control their corresponding properties,
providing an instrumental ability for tuning the practical characteristics of the films by changing the
laser frequency of their deposition. In particular, 20-fold increase of coercive field and modification
of demagnetization mechanism are obtained for FePt films by varying the frequency from 1 Hz to
6 Hz. Over a similar frequency range, a strong dependence on the laser frequency is discovered for
the YBCO films for the critical current density behaviour as a function of the applied magnetic
field [Jc (Ba )] with the unexpected reversal of Jc (Ba ) curves with temperature. The mechanisms of
structure modifications and corresponding property variations are proposed.

I.

INTRODUCTION

Simple and reliable methods with the high degree of
technological control are required for accurate adjustments of material structures and corresponding properties for the required performance. For physical vapour
deposition (PVD) technologies, this control is conventionally achieved by manipulating interdependent parameters, such as temperature, atmosphere, flux of material,
resultant film thickness1–6 and laser frequency6–10 . In
particular, the laser frequency for pulsed-based deposition (PLD) influences the film structure in many different ways, whose mechanisms can be contentious and not
easily understood7–11 . Thus, this interdependency is not
trivial, impeding reproducibility and requiring sophisticated control with the help of, for example, reflection
high-energy electron diffraction (RHEED) technique.
This work is focused on tuning the structure and properties of thin films through the variation of laser frequency. It turns out that the laser frequency is convenient and powerful tool for applications in thin film
technologies.
Two model materials are chosen to study the influence of the laser frequency: L10 FePt hard ferromagnetic thin films and quasi-single-crystal superconducting
YBa2 Cu3 O7 (YBCO) thin films. It should be noted that
these model films are completely different: (i) YBCO is a
perovskite type metal-oxide, while FePt is a metal with
f ct superlattice; (ii) for the best performance, a FePt
film is required to consist of well separated islands of tens
to hundreds of nanometers large, whereas YBCO should
have a quasi-single-crystal structure completely covering
substrate and be as smooth as possible; (iii) FePt films

grow via typical Volmer-Weber island growth9,12 , while
YBCO is grown by Stranski-Krastanov mechanism13–15
as the result of the film composition and the crystal lattice mismatch with the substrate (SrTiO3 , in our case).
Quasi-single-crystal c-axis oriented epitaxial YBCO
thin films are known to have the highest critical current density (Jc ) among high-temperature superconductors at temperature T = 77 K16,17 . It makes YBCO
thin films a perfect candidate for various electric power
applications18–20 . In addition, applications of YBCO
thin films are associated with microwave electronic
devices21,22 and low signal electronic devices19,23,24 . The
critical current density of these films (like any type-II
superconducting material) is governed by pinning of superconducting vortices by crystal defects. The strongest
pinning sites consist of columns of a non-superconducting
material with the diameter close to coherence length,
and that are aligned with the direction of applied magnetic field (Ba )25–27 . For high quality YBCO thin
films made by physical vapour deposition techniques,
the out-of-plane edge dislocations are alike columns,
which are formed in situ during growth of the films27 .
The arrays of these dislocations form low-angle domain
boundaries13,15,28–30 . A very large density of these pinning sites is required for high critical current densities.
On the other hand, these pinning sites, created by disturbed crystal lattice parameters, possess suppressed superconducting order parameter. The superconducting
order parameter defines the capability of the material to
form the superconducting charge carriers (Cooper pairs).
Hence, an optimal oxygen content and the best possible
crystallographic order of YBCO films are necessary to
reach high and homogeneous superconducting order pa-
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rameter (see, for example31,32 ). Various conditions relevant to applications, such as external magnetic fields
and temperatures, can strongly affect the order parameter and pinning properties, which in turn can strongly
influence the superconducting performance. Thus, fine
tuning of deposition conditions is required to reach the
best performance in particular conditions (for particular
applications), where the deposition frequency can play
the key role.
Furthermore, a critical thickness for the optimal
YBCO performance exists5,6,33,34 . In thicker films, the
surface becomes rough and their properties degrade, unless a multilayered structure is introduced35 . In thinner
films, the integral capabilities of the films are reduced.
The optimal thickness, defined at the maximum of the
critical current density (Jc ) as the function of the film
thickness5,33 , is usually obtained at the deposition stage
with all YBCO islands coalesced5,6,34 . In this work, it
is shown that the island density and the island growth
kinetics can be effectively varied by changing deposition
conditions (in particular, laser frequency), thus the optimal thickness can be adjusted at will.
FePt thin films with L10 -f ct superstructure are considered for various existing and emerging applications, such
as perpendicular magnetic recording media (MRM) by
Seagate36 , microelectromechanical systems (MEMS)37 ,
ultra strong permanent magnets1,2,38 , or ferromagneticsuperconducting heterostructures39 .
These applications become possible due to the film ability to form
thermally stable islands (or grains) down to a few
nanometers38,40,41 (boosting recording density42 ), their
high magnetic anisotropy, very high coercivity (exceeding 10 T)1 and magnetic energy product, the out-of-plane
magnetization, and high corrosion resistance. The strong
magnetic properties of the films can also be employed
for the compensation of applied magnetic field induced
effects39 in certain architectures combining ferromagnets
and superconductors43,44 . The behaviour resulting from
the interactions can extend magnetic screening (Meissner effect)45 and even enhance current carrying ability in
superconducting wires46 .
In this work, a unique advantage of pulsed laser deposition (PLD) technique in tuning desirable structures
and properties of the FePt and YBCO epitaxial films
is demonstrated. To the best of our knowledge, such
dramatic structure variations and such a broad range of
practically achievable physical properties, being tuned by
means of mere laser frequency variation, have not been
reported before. Note, the key instrumental feature for
varying properties of the films is the ability to manipulate
the in-plane structure of the films, while their thickness
is kept constant. In the case of YBCO thin films, it allows one to adjust critical current density dependence
on applied magnetic field (Jc (Ba )) for different applications at different operating temperatures. In the case
of FePt thin films, it facilitates the adjustment of the
coercive field and magnetic domain structure. Our new
approach is in contrast to the commonly used method for

the modulation of island structure of the FePt films by
means of the thickness variation, which is proportional to
the size of the islands1–3 . However, making these films
too thin may reduce the read-back signal below the detectable threshold and the magnetic energy product for
permanent magnets.

II.

A.

EXPERIMENTAL DETAILS

PLD of YBCO and FePt thin films

Quasi-single-crystal c-oriented YBCO thin films were
produced on 5 × 5 mm size SrTiO3 (STO) substrates
using standard pulsed-laser deposition (PLD)33,35 . Deposition was performed by KrF excimer laser with the
wave-length of 248 nm. The laser fluency was kept at
∼ 3−4 J/cm2 , but taking into account optical path losses
and laser beam homogenization, the fluency of ∼ 2 J/cm2
is a more realistic estimation. The frequency of the laser
was varied from 1 to 8 Hz.
For the deposition of YBCO films, the PLD chamber was pre-evacuated down to 10−6 Torr. During the
deposition, the substrate temperature and background
oxygen pressure were 780◦ C and 300 mTorr, respectively. Distance between the substrate and the target was
85 mm. The films where annealed in oxygen atmosphere
at 400◦ C for one hour after deposition for oxygenation.
The thin films measured in this work are of optimal thickness dp ' 300 nm thick5,6,33 , measured by Dektak profiler. The critical temperature was Tc ' 90.0 ± 0.5 K
for films deposited with 5 Hz and 8 Hz frequencies and
Tc ' 91.5 ± 0.5 K for 1 Hz deposited film, measured by
DC magnetic measurements in PPMS at Ba = 2.5 mT.
FePt thin films with L10 f ct c-oriented islands were
deposited on the same type of the STO substrates using the same PLD system. The justification for the
substrate material choice can be found elsewhere (see
Ref.11 and references therein). The base pressure in the
PLD chamber was typically held at ≤ 10−8 Torr that
was reached after additional PLD chamber cleaning and
baking routine. The pulsed laser deposition of the films
was carried out with the substrate temperature held at
800◦ C, which degraded vacuum during deposition down
to ∼ 5 × 10−7 Torr due to thermal desorption from the
heater. The deposition temperature was chosen to ensure that the L10 structure of the FePt alloy forming at
500◦ C47–50 was complete2,37,50–53 . The deposition process, facilitating almost equiatomic composition in the
FePt epitaxial superstructures54,55 , has been described
elsewhere11 . The deposition frequency was varied from
1 Hz to 6 Hz, so that the resultant thickness of the films
was always approximately 20 nm.
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B.

Measurement and microscopy techniques

Magnetization measurements were carried out on
Quantum Design Vibrating Sample Magnetometer Physical Properties Measurement System (VSM PPMS) with
the magnetic field applied perpendicular to the surface of
the films. For magnetization dependence on applied magnetic field measurements magnetic field sweep rate was
kept at 5.0 mT/s. The frequency of VSM was 40 Hz and
the amplitude of vibrations was 2 mm for YBCO samples
and 1 mm for FePt samples. The dependence of YBCO
measured superconducting properties on VSM settings
and magnetic field sweep rate can be found in Refs.56,57 .
The Jc of YBCO films was determined from the magnetization measurements using Bean formula for rectangular
samples58 : Jc = 2∆M/[wp (1 − wp /3lp )] in A/m2 , where
wp and lp are respectively width and length of the samples measured, ∆M is the opening of hysteresis loops per
unit volume. For YBCO films, lp = wp = 5 mm.
Atomic Force Microscopy (AFM) imaging of YBCO
films was performed using an MFP-3D Asylum AFM
(Asylum Research) in AC mode using Al reflex coated
silicon probes with approximately 330kHz resonance frequency and 42 N/m spring constant (NCHR probes, Asylum Research). AFM and Magnetic Force Microscopy
(MFM) of FePt films was performed using the same instrument in MFM mode using CoCr coated silicon probes
with approximately 70 kHz resonance frequency, 2 N/m
spring constant and coercivity of 0.04 T (ASYMFM
probes, Asylum Research). The probes were magnetized
by placing near a permanent magnet for 15-30 secs. During MFM, an AC mode scan was first performed along
a single line to record topography after which the tip
was raised above the surface (termed Nap mode, approximately 15 nm height) and scanned along the same line,
while measuring the phase signal of the cantilever in response to the magnetic force interactions between the tip
and sample. Thus, corresponding topography and MFM
(phase) images were collected simultaneously from the
scan area. All images were taken in air.

III.

TUNING SURFACE ARCHITECTURE
AND PROPERTIES
A.

FePt thin films

Epitaxial FePt thin films deposited at different laser
frequencies (Fig. 1) indicate Volmer-Weber 3D island growth mechanism typical for metals grown on
insulators9,11,12 . The films deposited at the laser frequency of 6 Hz exhibit a fine well-defined rectangular
island architecture with rather narrow size and shape distributions, and marginal island coalescence [Figure 1(c)].
In Fig. 2, the island size distribution for the 2 Hz and
6 Hz films are shown. As can be seen, the average island size of the 6 Hz films is ∼ 45 nm. The 2 Hz film
[Figure 1(b)] demonstrates the structure with larger elon-

gated coalescent islands, but no island percolation occurred. The average size of elongated islands of the 2 Hz
film is ∼ 100 nm (Fig. 2). The 1 Hz film [Figure 1(a)] exhibits a clear percolated surface structure resulted from
heavy amalgamation of the elongated islands [shown in
Figure 1(b)] during the growth process. Obviously, these
stages of the film growth (small islands, coalescence, elongation, percolation and hole-filling) follow one after another as the thickness increases and more material is deposited on the substrate. Strikingly, the uniqueness of
the structures shown in Fig. 1 is that all these stages are
achieved by changing the deposition frequency only while
the thickness remains the same. However, the thickness
range at which all these growth stages can be obtained
by varying the frequency is quite narrow.
The increase of the island density with increasing deposition frequency observed in Fig. 1 is well consistent
with the key result obtained in Ref.11 that the laser frequency affects the ratio of the out-of-plane to the in-plane
growth. The decrease of in-plane to out-of-plane growth
rates ratio at high surface coverage with increasing frequency leads to delayed impingement and coalescence of
the islands and, as a consequence, to a structure with
smaller islands. Obviously, the thickness would also be
sensitive to the ratio changes, which is shown to be a critical factor in the film growth transitions2,11 . The advantage of this growth mechanism is that the in-plane and
out-of-plane growths of the islands and/or grains upon
PLD process can be manipulated nearly independently,
allowing the desired tunability, which is the central result
of this work.
The properties of FePt films appear to be tailored by
the island structure. Indeed, the 1 Hz film, consisting
of the large percolative islands [Figure 1(a)], demonstrates a narrow hysteresis loop with a small coercive
field Hc ' 0.1 T [Figure 3]. These magnetic properties
are the consequence of the quasi-continuous surface structure, because it creates a possibility for the formation of
magnetic domain walls and negligible pinning for their
propagation (as confirmed by MFM studies below). The
qualitatively different surface patterns of the films, obtained by deposition at higher frequencies [Figure 1(b,c)],
exhibit a drastic difference in the magnetic behaviour
with very large coercive fields about ∼ 4.7 T (Figure 3).
These hysteresis loops are typical for highly ordered f ctFePt island structures with the easy magnetization axis
of the films being out-of-plane. The coercivity fields of
the 2 Hz and 6 Hz films are identical despite of drastic
differences in their structures [Figs. 1(b,c) and 2]. Moreover, the Hc of these films is identical over the entire
temperature range of the measurements [from 300 K to
4.2 K (inset in Figure 3)], indicating similar magnetic
anisotropy Ku .
In case of equal Hc of specimens with different structures (the case of 2 Hz and 6 Hz deposited films) the influence of the film structure on magnetic properties can be
accentuated by performing a switching field distribution
(SFD) measurement. In Ref.11 , it was demonstrated that
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FIG. 1. Scanning electron microscopy images of 1 Hz (a), 2 Hz (b) and 6 Hz (c) deposited FePt films.

FIG. 2. Island size distribution for the films deposited at 2 Hz
and 6 Hz. The island size was defined as a square root of the
measured island areas.

SFD of FePt films with identical Hc reveal strong dipolar interactions between islands around the coercive field.
However, the amplitude of the interaction appears to be
proportional to the average island size. A lower level of
the interactions between the islands indicates that the
structure obtained at 6 Hz can be more suitable for some
applications than the one obtained at 2 Hz.
The magnetic domain structure for the films was studied by AFM and MFM, in order to correlate the magnetic structure with the surface morphology. Before
imaging, the FePt samples were magnetized in PPMS
at Ba = −8 T to obtain uniform negative magnetization
through the film, and then demagnetized by applying
the field equal to the coercive field value (at 0.1 T for the
1 Hz film, at 4.6 T for the 2 Hz and 6 Hz films) to have
the parity of positively and negatively magnetized areas.
Fig. 4 shows MFM images (a-c) and overlayed images of
MFM with their corresponding topographic AFM images
(d-f) of the FePt thin films deposited at different frequencies. The dark and bright parts in the images represent
the magnetic film domains with upward and downward

FIG. 3. Hysteresis loops of the FePt films deposited at different frequencies with the magnetic field applied perpendicular
to the surface of the films. The inset shows the coercive field
dependence on temperature for the 2 Hz and 6 Hz films.

magnetizations, respectively.
Single domain (SD) structure is obtained for both 2 Hz
and 6 Hz films [Figs. 4(b) and (c), respectively], the SD
structure implies that the shape of magnetic domains
match exactly the shape of the FePt islands [Figs. 4(e)
and (f)]. All SD regions are slightly lighter (or darker) towards their edges due to the flux compensation between
the opposite magnetic fluxes from the domains with opposite magnetization at the island periphery [Fig. 4(b,c)].
The level of grey tone may differ for different domains
due to different island volumes and/or composition variation resulting in their different magnetizations. The
demagnetization in the samples with the SD structure
is dominated by the spontaneous flip of the magnetization orientation, assisted by a high out-of-plane magnetic
anisotropy. This demagnetization process is responsible
for the high coercive fields. Magnetic landscape recorded
for the 6 Hz film [Fig. 4(c)] indicates the capability for a
further enhancement of the resolution for applications in
magnetic recording media.
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FIG. 4. Magnetic force microscopy (a,b,c) and corresponding AFM overlayed with MFM (d,e,f) images of the 1 Hz (a,d), 2 Hz
(b,e) and 6 Hz (c,f) FePt films.

The multiple magnetic domains (uninterrupted by
structural edges) can be identified in the 1 Hz
film possessing so-called percolated surface structure
[Fig. 4(a,d)]. Such multiple domain (MD) structure can
also be found in the films with the island structure, if
the size of the islands exceeds the critical size of the SD
islands (∼ 200 nm for the in-plane direction59,60 ). The
demagnetization process of the MD films is dominated by
the nucleation of magnetization reversal followed by domain wall displacement, which is energetically favourable
without structural pinning for the domain walls. It would
explain the low coercive fields in these films, in spite of
their high magnetic anisotropy.

Note, such magnetic structure variation was previously observed only in films with significantly different
thicknesses59,60 , implying corresponding structural differences required for the different states of the magnetic
domain formation. In our case, the thickness of the films
is identical. The structural differences and, hence, different magnetic domain formation driving the corresponding magnetic properties of the films are obtained through
laser frequency adjustment, which emphasises the tuning
efficiency of the laser frequency upon PLD.

B.

YBCO thin films

The study of YBCO thin films properties in this section
was done in films with an “optimal thickness”5,6,33,34 ,
which is determined to be of ∼ 300 nm at the highest
Jc (Ba ) measured. The YBCO PLD films of the optimal thickness with the highest Jc (Ba ) are usually associated with rather advanced island structure61–63 with pronounced topology and rather high surface roughness6,33
(unless special techniques are employed to reduce it33,35 ).
The developed structure and its corresponding topography hinder the study of the island growth and structure.
Thus, the island structure of YBCO films as a function
of the PLD laser frequency has been studied on thinner
films, which have less developed surface topography. As
the deposition is a continuous process, the surface structure and its variations detected on thinner samples sets
the basis for the further film growth, hence it qualitatively reflects the changes of the film’s properties as well.
As noted in the previous section, the film surface structure variation with changing laser frequency is extremely
sensitive to deposition parameters and the thickness. Basically, it means that if such variation does take place it
still can be “hidden” by an inappropriate thickness. To
study the structure variation of YBCO thin films with
changing the frequency, first an appropriate thickness of
25 nm was chosen to reveal the influence of the laser
frequency variations as follows. The series of films with
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thicknesses from 10 nm to 50 nm was produced at different frequencies without annealing, necessary for oxygenation, in an attempt to exclude thermodynamically
driven surface modifications after PLD.
No significant difference in the surface structure of the
films deposited at different frequencies was observed in
the films with thicknesses below 10 nm (below the islanding threshold thickness13,64,65 ). The difference could not
be detected due to one of the following reasons. (i) The
variation of the laser frequency does lead to changes in the
surface structure of the films. However, the structures
were modified during the post-deposition cooling from
780◦ C down to 500◦ C (which takes a few minutes) after
switching off the heater, so that any possible differences
faded away. As the thickness is small these modifications
might be rather rapid at high temperatures. (ii) The different deposition frequency does not affect the structure
below 10 nm because the films exhibit a 2D layer-by-layer
growth mode at this thickness.
In the case of larger thicknesses (above 30 nm), the
structure variation could be observed but to a rather
small extent, so that the observation could not be confirmed (possibly due to the too large amount of material
being already deposited). Thus, the thickness of 25 nm
was chosen for studying the effect of the laser frequency
influence on the surface structure. Although, the postdeposition cooling did take several minutes, it most likely
had little effect on the surface structure due to only short
time being at high temperatures (> 500◦ C) with the material being already adhered to the substrate rather than
being just above the surface in the plasma state.
It should again be emphasised that the films of the
“optimal thickness” reveal strong topology/roughness dependence on laser frequency6,34 . However, it is not
straightforward how to interlink this dependence with
their superconducting properties. The “overdeveloped”
3D structure of the films with high surface roughness
makes the study of the island structure almost impossible. On the other hand, the top layers of the film with
a significant thickness may have the least effect on the
properties66 . Thus, it is natural to associate the growth
of 25 nm thick films with their superconducting properties, keeping in mind that the surface may still be one of
the factors affecting the behaviour of the films33,35 .
Fig. 5 shows AFM images of the typical surface
structures in the 25 nm thick YBCO thin films deposited at 1 Hz [Figs. 5(a,b)] and 8 Hz [Figs. 5(c,d)].
These structures indicate Stranski-Krastanov growth
mode, as expected for YBCO films on STO substrates
by PLD13,15,62–64,67–69 . After reaching the threshold
thickness13,64,65 , the film growth can be characterised
as initial strain-driven islanding and subsequent islands
growth in the presence of a wetting layer of YBCO on a
substrate70 . Depending on the growth rate, the 3D island growth can be in 2D growth mode at higher rates
or due to spiral growth around screw dislocation at lower
rates62,63,71 . In case of the 1 Hz film, it was not possible
to distinguish whether the islands grow due to the spiral

growth or 2D growth [Fig. 5(b)], while at the higher frequencies the island growth happens in 2D mode as can be
seen by the stacks and individual flat platelets [Fig. 5(d)].
The growth analysis of the FePt thin films cannot be
applied for YBCO thin films due to their different growth
modes. Indeed, the FePt films demonstrate pronounced
and even sharp edges of the islands that are perpendicular to the substrate surface (typical for Volmer-Weber
mechanism); whereas in YBCO thin films, a significant number of islands are two-dimensional [Fig. 5(d)].
The ones that are three-dimensional have a pyramid-like
shape with pronounced stack of terraces, in particular
well seen in Fig. 5(b). Moreover, the presence of the
wetting layer for YBCO growth is not considered in the
model developed for FePt films in Ref.11 . Thus, the film
growth stages well-explained for FePt film growth are
more sophisticated and are too difficult for quantitative
analysis in the case of YBCO.
The film structure dependence on laser frequency variation can be analysed with a simple expression71
L ∼ (Ds /f )1/2 ,

(1)

where L is a 2D island size, Ds is the surface diffusion of
adatoms/clusters on a substrate (in our case, it is constant because deposition temperature, laser energy and
duration of laser pulse are kept constant), f is a laser
frequency. In this expression, L is simply a distance that
adatom is able to travel before it will be immobilised by
the next portion of deposited adatoms. Surface structure
variation with laser frequency [Fig. 5] agrees with expression 1: the higher the frequency, the smaller the islands.
In Fig. 5(a,b) for the 1 Hz film, large 3D pyramid-like
islands can be clearly distinguished with the base size
of ∼ 250 nm. A higher degree of 3D islanding (typically, if 3D islands consist of 4-5 terraces) indicates that
adatoms have had enough time between laser pulses for
diffusion to distances up to ∼ 250 nm and for giving an
impact on strain driven 3D islanding. In Fig. 5(c,d) for
the 8 Hz film, the surface mainly consists of randomly
distributed 2D islands with typical size ∼ 100 − 150 nm.
The level of 3D islanding is much less pronounced than
for the 1 Hz film in Fig. 5(a,b). It indicates (according to
Eq. 1) that amount of time between laser pulses was not
enough for thermodynamically driven 3D island growth;
the typical distance of adatom diffusion was ∼ 100 nm.
The structure of the 5 Hz film is an intermediate case,
with a mixture of both 2D and 3D pyramid-like islands
and island size ∼ 150−200 nm. Island size variation with
the laser frequency obtained experimentally consists well
with the estimations from Eq. 1: experimentally, the size
of islands decreases by a factor of ∼ 2.5 with increasing
laser frequency from 1 Hz to 8 Hz, while the estimation
from Eq. 1 provides a factor of ∼ 2.8; for the frequency
increase from 1 Hz to 5 Hz the island size decreases by a
factor of 1.7, while from Eq. 1 it should be ∼ 2.2; for the
increase from 5 Hz to 8 Hz the decrease is by a factor of
1.5, while Eq. 1 gives ∼ 1.3.
An indication of island structure variation may be ob-
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FIG. 5. The surfaces of the 25 nm thick YBCO films deposited at 1 Hz (a,b), and 8 Hz (c,d) obtained by atomic force
microscopy.

tained from the comparison of the surface roughness obtained from the landscapes in topographical AFM images. In Table I, the results of roughness calculations on
3 × 3 µm2 scan area and the corresponding characteristic surface area ratio (S) are presented. The roughness
was calculated as root mean square (RMS) of the topography amplitude. S was obtained from the ratio of the
total surface area of the AFM topography to the scan
area. These two surface parameters together can give an
insight into YBCO island structure. From the point of
view of the island structure, the systematic decrease of
both RMS and S with increasing deposition frequency
(Table I) indicates the structure transition from larger
and taller well separated islands to smaller and shorter
closer located islands (the island density increases, the
island height decreases).
Four basic qualitative conclusions can be made by
analysing Fig. 5 and corresponding roughness parame-

Deposition
Roughness
S
frequency f , Hz RMS, nm
1
3.122
1.0069
5
2.238
1.0019
8
1.713
1.0007
TABLE I. Roughness parameters obtained from 3 × 3 µm
AFM scan of YBCO thin films deposited at different frequencies (Fig. 5(a,c).

ters in Table I: (i) the density of the islands increases
with laser frequency [best seen in Fig. 5(a,c)]; (ii) the
roughness of the film surface (the degree of the 3D islanding) increases with decreasing laser frequency; (iii)
as the higher degree of the 3D islanding is observed at
lower deposition frequencies, it may indirectly indicate
larger amount of accumulated strains due to lattice mis-
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fit at higher laser frequencies (it can lead to higher density of dislocation known to reduce strain); (iv) significantly lower degree of 3D islanding together with lower
roughness and smaller S of the films deposited at higher
frequencies indicate an advanced in-plane island growth
(unlike in the case of the FePt films for which higher
frequencies promoted the out-of-plane growth).
We note two cases of potentially controversial results
found in the literature, and propose plausible explanations lifting these contradictions.
First, in Refs.68 and71 , the laser frequency was varied by one order of magnitude (between 1 and 10 Hz
and between 5 and 50 Hz, respectively), but, in contrast to our results, it did not affect the growth mode
or the island size (i.e., the structure of films did not obey
Eq. 1). This controversy can be explained as follows.
The surface diffusivity Ds in Eq. 1 is predominantly determined by the plume dynamics (i.e., its kinetic energy),
as well as by substrate temperature. The kinetic energy
of adatoms on the substrate surface decreases roughly
exponentially with increasing the distance from the target and the background pressure72,73 . In Ref.68 and71 ,
the deposition was performed at the background oxygen
pressure of PO2 ' 112 mTorr (which is by a factor of 2.7
lower than in our work), as well as with target-substrate
distances of 55 mm in Ref.68 and 35 mm in Ref.71 (which
are significantly smaller than in our work being 85 mm).
Therefore, the kinetic energy of adatoms in Refs.68 and71
was substantially higher and resulted in larger diffusion
coefficients Ds than in our work. Thus, all diffusionguided processes (i.e., 3D island formation and growth)
were rapid and likely completed between the laser pulses
for the laser repetition rates studied in Refs.68 and71 . In
contrast, the smaller Ds enables us to effectively control the surface structure by varying time between laser
pulses in agreement with Eq. 1.
Second, in Refs.4,34,68,74 , films deposited at low repetition rates had smoother surfaces, which is in opposite to our results provided in Table I. However in
those works, the roughness was studied on thicker films
(> 200 nm) with highly developed surface structures
containing outgrowths, holes, pinholes and other defects
formed due to incomplete island coalescence of relatively
thick films4,34 or stress-guided surface roughening after
complete coalescence5,33,35 . Upon deposition on highly
developed surface with low deposition rates adatoms have
more time to diffuse to sites with high coordination number, reducing roughness as observed in Refs.4,34,68,74 .
In our work, the roughness (Table I) was measured in
much thinner films, reflecting the dependence of StranskiKrastanov 2D/3D island structure on laser frequency.
The main superconducting properties of our YBCO
films (Jc and Tc ) can be easily tailored via their strong
dependence on the structure and composition, which in
turn can be controlled by varying the PLD frequency.
Fig. 6 shows the zero-field cooled magnetization measurements at Ba = 2.5 mT for the films deposited at
1 Hz, 5 Hz and 8 Hz. The following values are ob-

FIG. 6. Temperature dependence of magnetization measured
at Ba = 2.5 mT applied transverse to the surface of the films
upon heating from the zero-field cooled state for the YBCO
films deposited at different frequencies.

tained: Tc ' 90.0 ± 0.5 K for the 5 Hz and 8 Hz films
and Tc ' 91.5 ± 0.5 K for the 1 Hz film, which are determined at the onset of the diamagnetic behaviour as
shown in the inset to Fig. 6. The critical temperature
decreases with increasing laser frequency. Higher Tc of
YBCO films deposited at lower frequency can be a result
of longer oxygenation time between the laser pulses68 .
Furthermore, the Tc transitions broadens with increasing
laser frequency (Fig. 6). It can indicate a larger amount
of non-superconducting phases or phases with weaker
superconductivity, such as domain boundaries, dislocations, oxygen vacancies, non-stoichiometrical inclusions,
lower lattice ordering, outgrowth, etc. Hence, it may be
appropriate to conclude that the quality of YBCO thin
film degrades with increasing the laser frequency of their
deposition.
Critical current density is to a large extent determined
by a number of vortex pinning sites (structural defects
of the size of coherent length). These defects immobilize
the flux-line lattice being driven by the Lorentz force if
external current is applied. A moving flux-line lattice
causes energy dissipation and, as a result, superconducting performance degradation. The best possible natural
pinning centres in YBCO thin films are edge and screw
dislocations, in particular for the fields applied parallel to
these dislocations27,61,75 . These dislocations are formed
in the out-of-plane direction during pulsed laser deposition of the films28,61,65,75,76 as a result of the YBCO/STO
crystal lattice misfit. In Fig. 7 and 8, the critical current
density dependences on the applied magnetic field are
shown for the films deposited at different laser frequencies.
In Fig. 7, the Jc (Ba ) dependences are shown for three
deposition frequencies at 10 K. The critical current density increases at higher deposition frequencies, in particular well-seen above 1 T. It indicates an increased num-
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determined by density of pinning centres in single vortex
pinning regime, Jc (0) is established by strength of individual pinning cites28 . In addition, other effective pinning defects77,78 , such as twin boundaries26,81 , oxygen
vacancies82 and Y2 O3 inclusions83,84 are present and can
be affected by deposition frequency. Indeed, smoother
transitions at the higher deposition frequencies from the
plateau-like Jc (Ba ) dependence at Ba → 0 to the powerlaw dependence at the larger fields [insert in Fig. 7] indicate a broader distribution of available pinning sites.

FIG. 7. Critical current density dependence on the applied
magnetic field for the films deposited at different frequencies
measured at T = 10 K. Insert shows a magnification of the
low field region. The characteristic fields B ∗ , determined at
the crossing point of the line extensions from the two linear parts of the Jc (Ba ) dependences, are: B ∗ (1 Hz)=0.09 T,
B ∗ (5 Hz)=0.12 T, B ∗ (8 Hz)=0.18 T.

ber of pinning centres introduced during deposition at
higher laser frequencies. In the inset to Fig. 7, the low
field region of Jc (Ba ) dependences at 10 K is shown,
where the so-called characteristic field B ∗ can be determined at the crossing of the extensions to the two
linear regions according to Ref.61 . This field, denoting
transition from the single vortex pinning regime at low
fields to a collective pinning regime at higher fields, can
be used to accurately determine the pinning radius of
the individual vortex pinning77,78 . Note, B ∗ can be defined as the field at which the critical current reaches
the 90%79 or 95%77,78 of the value obtained for zero applied field. However, in this work it is sufficient to qualitatively demonstrate that B ∗ is the transition from a
plateau-like Jc (Ba ) dependence to the power-law dependence and is directly proportional to dislocation density
(as well as to the island density at any thickness of the
film)61,77 . The characteristic field B ∗ increases with increasing laser frequency [Fig. 7] (note, this trend is independent of the B ∗ definition). The B ∗ increase indicates
enhanced pinning and reduction of the individual depinning radius77,78 . As B ∗ is proportional to the dislocation density (dominating pinning in PLD YBCO films),
it is natural to expect an enhancement of Jc (Ba ) consistent with the B ∗ enhancement that is clearly the case,
as can be seen in Fig. 7. It is also consistent with the
increase of the island density [best seen in Fig. 5(a,c)],
which is directly proportional to the corresponding increase of the dislocation density76 because dislocation
formation predominantly occurs close to the boundary
of islands64,80 . The quantitative agreement between densities of dislocations and islands, as well as B ∗ , Jc (Ba )
and Jc (0) may be not easy to find77 because while B ∗ is

FIG. 8. Critical current density dependence on the applied
magnetic field for the films deposited at different frequencies
measured at T = 77 K in log (a) and log-log (b) scale.

It is striking to compare Jc curves measured at 10 K
and 77 K [(Figs. 7 and 8]. The trend of the deposition frequency dependent Jc (Ba ) curves at 77 K is reversed. Variation of Jc (Ba ) at 77 K with deposition
frequency can be conveniently demonstrated with irreversibility field which increases from ∼ 2 T to ∼ 3 T by
decreasing f from 8 Hz and 1 Hz (Fig. 8(a)). Remembering the structural feature changes associated with the
changing the deposition frequency, which also results
in the observed Tc (f ) behaviour (Fig. 6), the scenario
of this reversal behaviour can be as follows. The coherence length increases as a function of temperature.
This means that the effectiveness of various pinning sites
changes with temperature. Furthermore, it is obvious
that the longer the coherence length, the more transparent the structure of the films is for the current flow. This
is valid only as long as the structure-induced reduction
of the superconducting order parameter at the defects
is shorter than the coherence length. Thus, having our
main assumption that dislocations provide the most effective pinning in YBCO PLD films, it is straightforward
to correlate higher Jc (Ba ) curves at low temperatures in
Fig. 7 with a larger number of dislocations, while the
transparency of the films to the supercurrent flow is not
substantially affected. This is also qualitatively in agreement with the results obtained in Ref.35 . There, stronger
Jc enhancements observed at low temperatures is related
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to a higher dislocation density induced in the films by the
artificial multilayered structure and the corresponding
additional misfit-driven relaxation of the crystal structure through formation of additional dislocations. It is
possible that at higher temperatures, the pinning dominance of the dislocations smears out by the presence
of other structural features, as well as thermal activations. Collectively, these additional factors weaken the
dislocation-based pinning model, and reverse the Jc (Ba )
trend so that the films with higher densities of dislocations obtained at higher frequencies show lower Jc (Ba )
curves at high temperatures compared to the films with
lower dislocation densities deposited at lower frequencies.
These temperature/field/frequency dependencies provide enormous possibilities for tuning YBCO thin film
properties for particular applications. Indeed, at high
magnetic fields, the films deposited at higher frequencies
perform better at low temperatures and worse at higher
temperatures. At the same time, at the low field region
(self-field region), the 5 Hz film exhibits the most optimal properties at low temperatures. These differences
are likely the ground for existing inconsistencies in determining the pinning mechanism in the PLD YBCO films,
ranging from dislocation dominance28,29,61,85 and twin
boundaries81 to small non-superconducting inclusions of
Y2 O3 83,84 and even surface pinning86 and Josephson-like
weak-links79 , which may simply represent different but
limited aspects of the entire picture, as shown in this
work.

IV.

SUMMARY

In summary, hard ferromagnetic FePt and high temperature superconducting YBCO thin films have been
fabricated by PLD. It has been shown that the structure
of these films, belonging to completely different classes
of films with different growth mechanisms and different physical properties, can effectively and easily be controlled by the laser frequency upon the deposition process.
This approach offers not only a simple technological solution to existing problems of loosing useful detectable
signal associated with reducing film thicknesses, but also
the possibility to design required physical properties at
will via the accurate control of the corresponding film
structure.
In the case of the FePt films, the laser frequency affects the ratio of the out-of-plane to the in-plane growth
rates, allowing practically independent island growth in
the in-plane and the out-of-plane directions. As a result of laser frequency change from 1 Hz to 2 Hz, the
film structure evolves from the percolated to elongated
islands. A further laser frequency increase from 2 Hz to
6 Hz decreased the island size by a factor of 2. Thus, we
are able to significantly increase the coercive field (by a
factor of 20, from 0.2 T to 4.6 T at room temperature)
by very moderate and practical changes of the laser frequency. At the same time, the dipole-dipole interaction

between ferromagnetic islands, being proportional to island size, is halved if the frequency is increased from 2 Hz
to 6 Hz. MFM study has confirmed the structure-driven
coercive field dependence on the laser frequency. The
films deposited with 2 Hz and 6 Hz consist of single magnetic domain islands, and their demagnetization process
is governed by spontaneous flip of the magnetic moment,
which, together with high magnetic anisotropy, leads to
high coercive fields in these films. On the contrary, due
to the percolated structure of the 1 Hz film the demagnetization process is dominated by magnetic domain wall
formation and propagation, which leads to low coercive
fields despite high magnetic anisotropy. The results become even more spectacular if we indicate the fact that
the films have been deposited in a relatively low vacuum.
On one hand, the low vacuum may reduce the technological cost of film production if necessary films parameters
can be met; on the other hand, a higher vacuum can
significantly broaden the range of accessible films characteristics to achieve growing industry demands.
The YBCO films possess more sophisticated response
to structural changes of the films as a result of laser frequency variation, compared to FePt thin films. It is obviously due to different growth mode and more sophisticated chemical composition of the YBCO films. AFM
studies revealed that the island density increased if the
frequency was varied from 1 Hz to 8 Hz. Laser frequency
increase promotes the in-plane island growth and surface roughness/area decrease. The effective manipulation
of the superconducting properties has been achieved by
varying the deposition frequency from 1 Hz to 8 Hz. The
Tc transition and its width can be maximised by reducing the deposition frequency down to 1 Hz. The density
of the pinning sites, described by the characteristic field
B ∗ , is maximized by increasing the deposition frequency.
The increased pinning centres density (obtained at 8 Hz)
also enhance the critical current density at low temperatures and high magnetic fields. At the same time, the
higher superconducting critical temperature (achieved at
lower deposition frequencies) lead to higher Jc (Ba ) at
high temperatures. In the self-field region, the most optimal conditions for the Jc performance are obtained at
5 Hz.
Despite the difference of film growth modes between
FePt and YBCO in both cases the laser frequency controls the structure of films by affecting in-plane to out-ofplane growth rates of islands. The out-of-plane growth
of FePt islands (genuine islands) is promoted by higher
deposition frequencies, increasing the island density. In
contrast, the out-of-plane growth of YBCO islands (i.e.,
3D stack of terraces) is promoted by low frequencies. The
high deposition frequencies suppress 3D islanding and
stimulate layer-by-layer growth of YBCO, but increase
the density of islands (which are two dimensional or at
least demonstrate a lesser degree of 3D islanding) in the
case of FePt.
All of these physical property manipulations were
achieved in the films with a similar thickness as a result
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of the structural modification response to the deposition
frequency variation. The frequency of PLD technique
emerges as a powerful and promising tool for effective
tuning the physical properties in thin films of different
types, having in mind their particular applications.
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